Abstract The early events of the HIV replication cycle involve the interaction between viral envelope glycoproteins and their cellular CD4-chemokine (CCR5/CXCR4) receptor complex. In this study, for the first time, the HIV-2 A-subtype gp125 C2-V3-C3 mutations and their tropism association were characterized by analyzing 149 HIV-2 sequences from the Los Alamos database. The analysis has strengthened the importance of C2-V3-C3 region as a determinant factor for co-receptor selection. Moreover, statistically significant correlations were observed between C2-V3-C3 mutations, and several correlated mutations were associated with CXCR4 and CCR5 co-receptor usage. A dendrogram showed two distinct clusters, with numerous associated mutations grouped, thus dividing CCR5-and CXCR4-tropic viruses. Fourteen X4-tropic virus mutations, all in V3 and C3 domains and forming highly significant subclusters, were found. Finally, R5 associations, two strong subclusters were observed, grouping several C2-V3-C3 mutated positions. These data indicate the possible contribution of C2-V3-C3 mutational patterns in regulating HIV-2 tropism.
Introduction
The occurrence of human immunodeficiency virus type 2 (HIV-2) infection is mainly restricted geographically to West Africa, where the virus was first isolated from patients with AIDS originating from Cape Verde, GuineaBissau and Senegal [1, 2] . Epidemiologic studies have suggested that the incubation period for HIV-2 to the development of disease is longer than for HIV-1 [3] although they are closely related lentiviruses. In addition, HIV-2 is not as easily transmitted perinatally as HIV-1 [4] . Generally, infected patients with HIV-2 have normal CD4
? T cell counts and low or undetectable plasmatic viral levels [5, 6] , which is probably related to the slower replication capacity of the virus and a more efficient immune control compared to HIV-1 [5, [7] [8] [9] [10] [11] . In line with these phenomena, virus-specific CD8
? T cells in HIV-2-infected individuals preserve a polyfunctional profile comparable to long-term non-progressors (LTNPs) infected with HIV-1 [12] .
The observed incidence of HIV-2 infection declined in the years 1990-2000 [13, 14] , with infections mostly caused by members of groups A and B. However, in this era of global integration, an increasing number of cases have been recognized in Europe, India, and the United States [15] . Currently, HIV-2 has diversified into eight genetic groups, named A to H, of which group A is the most prevalent worldwide [16] .
The cellular molecule CD4 ? acts as a receptor for all members of the primate lentivirus group (HIV-1, HIV-2, and a diverse group of SIV strains) and for effective infection, these viruses require binding to a chemokine coreceptor, primarily CCR5 or CXCR4 [17, 18] . The HIV-1 mature envelope (env) glycoproteins gp120 and gp41 constitute a trimeric complex anchored on the virion surface by the viral membrane-spanning segments of gp41 [19] [20] [21] [22] [23] . Similarly, in HIV-2, proteolytic digestion by a cellular enzyme(s) converts the polyprotein precursor gp160 to the surface glycoprotein gp125 and transmembrane glycoprotein gp36 cleavage products [24] .
The HIV-1 gp120 is retained on the trimer via labile non-covalent interactions with the gp41 ectodomain [25] , confers cellular tropism to the virus by binding CD4
? and a specific co-receptor, and then acts as a trigger for the fusogenic activity of gp41 [26, 27] . The env glycoproteins have extensive N-linked glycosylation that shields many conserved epitopes from antibody recognition [28] . The exposed gp120 V3 domain is the main determinant of HIV-1 viral tropism and co-receptor interactions [29] , and it contains major antigenic and neutralizing epitopes [30, 31] .
In spite of the differences in envelope sequences of HIV-1 and HIV-2, they are structurally similar. The CCR5 and CXCR4 appear to be the major co-receptors for HIV-2 [32, 33] , while some primary HIV-2 isolates can infect co-receptor-positive cells in the absence of CD4 receptor [34, 35] . Moreover, both membrane-anchored proteins (gp41 and gp36) finally form 6-helix bundles in the N-and C-terminal regions of the ectodomain [36] , which seems to drive fusion and is common to numerous viral and cellular fusion proteins [37] .
Although little is known about the role of the HIV-2 env glycoproteins in humoral immunity, it seems that the gp125 V3 region of HIV-2 may contain broadly neutralizing epitopes [38] [39] [40] . Paradoxically, it could be concealed within the envelope complex, possibly due to a physical interaction with gp125 C2 and C3 domains [41] . Furthermore, six immunogenic regions have been identified in the HIV-2 envelope glycoproteins. Three of them are in gp125 (amino acids 234 to 248 in C2, 296 to 337 in V3, and 472 to 507 in C5), and the others are in the ectodomain of gp36 (amino acids 573 to 595, 634 to 649, and 644 to 658) [42] [43] [44] [45] [46] [47] [48] [49] [50] . Recently, Barroso and his co-workers have shown that the HIV-2 C2 and C3 are well exposed in the envelope complex and are under strong diversifying selection [41] .
In HIV-2, the net charge of the V3-loop is a determinant of co-receptor selection, like in HIV-1 [51] [52] [53] [54] .
In the present study, for the first time, we have characterized in terms of co-receptor usage the HIV-2 A-subtype C2-V3-C3 genetic determinants, defining specific related mutations. For this purpose, we analyzed 149 HIV-2 subtype-A env sequences, representing all submitted sequences from viruses for which a single co-receptoruse phenotype has been reported in the Los Alamos database.
Materials and methods

Sequence analysis
The analysis included 149 HIV-2 subtype-A env sequences, all retrieved from the Los Alamos database (http:// www.hiv.lanl.gov/content/index). Sequences with pure phenotype and/or co-receptor determinations were considered, while dual-mixed viruses were not used. The published env sequence of the HIV-2 ALI strain was used as a reference (GenBank L25445) [55] . Multiple sequence alignments of the gp125 C2-V3-C3 region were performed using ClustalX [56] and were manually edited with the Bioedit software [57] .
Statistical analysis
To analyze C2-V3-C3 mutations, the frequency of all mutations in the 149 HIV-2 sequences was calculated. Fisher exact tests were used to determine whether the differences in frequency between the two groups of samples were statistically significant (sequences with R5 or X4 determination).
The Benjamini-Hochberg method was used to identify results that were statistically significant in multiplehypothesis testing [58] . A false discovery rate of 0.05 was used to determine statistical significance.
To identify significant patterns of pairwise associations between C2-V3-C3 mutations, the u coefficient and its statistical significance for each pair of mutations were calculated. A positive and statistically significant correlation between mutations at two specific positions (0 \ u \ 1; P \ 0.05) indicates that the latter mutates in a correlated manner in order to confer an advantage in terms of co-receptor selection and that the co-occurrence of these mutations is not due to chance. Moreover, to analyze the covariation structure of mutations in more detail, average linkage hierarchical agglomerative clustering was performed as described elsewhere [59] [60] [61] . Mann-Whitney U tests were used to assess statistically significant differences among all the pairwise-associated mutations. Statistical tests were corrected for multiple-hypothesis testing using the Benjamini-Hochberg method at a false discovery rate of 0.05 [58] .
Results
HIV-2 gp125 mutations and their association with tropism
By evaluating the first C2-V3-C3 amino acid region in gp125 sequences derived from 149 HIV-2 subtype-A env sequences, all retrieved from the Los Alamos database with pure phenotype and/or co-receptor determinations, 111 R5-and 38 X4-using co-receptor sequences were selected. Analyzing these two datasets, we identified and characterized 70 gp125 mutations.
In the C2 domain, 12 out of 36 positions were found to be significantly associated with different co-receptor usage (P \ 0.05) (Fig. 1a) . Five of these mutations (Q295Y, T299S, M300I, H301F and H301Y) had a prevalence that was significantly higher in R5-than in X4-using viruses, all of them with prevalence of [20% (Fig. 1a) . Conversely, the other 7 mutations (T267P, I279M, H282Y, G283S, R284K, K294T and Q295H) had a prevalence that was significantly higher in X4-than in R5-using viruses, with the prevalence of [20% (Fig. 1a) .
By analyzing the V3 domain, the I320V and K328T mutations were identified, and their prevalence was significantly higher in the R5-than in the X4-using viruses (P \ 0.05) (Fig. 1b) . Moreover, the prevalence of the 19 V3 mutations was significantly higher in the X4-than in the R5-using viruses (P \ 0.05) (Fig. 1b) . Eleven of them (T309S, V311I, M316G, L319R, I320R, S323G, 324-325insR, P325F, 325-326insHS, R329K and R331K) had a prevalence [20% (Fig. 1b) .
Finally, in the analysis of the C3 domain, it was found that 22 out of 53 positions were significantly associated W336R  K338E  K338Q  E340D  E340K  E340R  R342E  E343G  Q346K  Q346R  E350Q  L352I  V353A  V353M  K354D  K354N  K359T  T361V  N362K  D363E  D363N  T364I  N365E  N365R  N365S  Q366K  Q366N  N368T  F369L  K371A  K371E  K371Q  K371R  A378P  V381A  V381M  V381S % of HIV -2 C3 with different co-receptor usage (P \ 0.05) (Fig. 1c) . Eleven mutations (K338Q, E340R, V353A, D363E, N365S, Q366K, K371A, K371Q, A378P, V381A and V381M) had a prevalence ([20%) that was significantly higher in R5-than in X4-using viruses (P \ 0.05) (Fig. 1c) . In contrast, 22 mutations were identified with a prevalence [20% (W336R, K338E, E340D, E343G,  Q346R, E350Q, L352I, V353M, K354D, K354N, K359T,  T361V, N362K, D363N, T364I, N365E, N365R, Q366N , N368T, F369L, K371E and V381S), and they were significantly higher in X4-than in R5-using viruses (Fig. 1c) .
Associations among gp125 C2-V3-C3 mutations
Another goal of the present study was to assess the associations of the observed gp125 mutations. To identify significant patterns of pairwise correlations between these observed signatures, the binomial correlation coefficient (phi) and its statistical significance for each pair of mutations were calculated (Table S1) . A positive and statistically significant correlation between mutations at two specific positions (0 \ phi \ 1; P \ 0.05) indicates that these two positions mutate in a correlated manner in order to confer an advantage in terms of specific interactions with a selected co-receptor. This indicates that the co-occurrence of mutations is not due to chance. The data of this study indicated that some of the HIV-2 gp125 C2-V3-C3 mutations were significantly associated with each other (Table S1 ). Furthermore, the prevalence of these mutations also depended on the X4 and R5 tropism viruses. For instance, the K328T V3 (Fig. 1b) and E340R C3 (Fig. 1c) mutations were not observed in X4-tropic viruses (Table  S1) , and similarly, the Q366K C3 and K371A C3 mutations were retrieved with very low frequency in X4-tropic viruses (Fig. 1c) (Table S1 ). At the same time, but with significantly high frequency, all of the abovementioned mutations were found in R5-tropic viruses (Fig. 1b and c) ( Table S1 ).
To analyse the covariation structure of the mutations in more detail, we performed an average linkage hierarchical agglomerative clustering, analysing the mutations associated with R5-and X4-tropic viruses. The topology of the dendrogram suggests the existence of two distinct large clusters of mutations involved in HIV-2 CCR5 and CXCR4 co-receptor usage (Fig. 2) . In particular, 16 X4-tropic virus mutations (T309S V3 , V311I V3 , L319R V3 , I320R V3 , S32  3G V3 , 324-325insR V3 , P325F V3 , 325-326insHS V3 , R32  9K V3 , R331K V3 , K338E C3 , Q346R C3 , V353M C3 , T361V C3 ,  Q366N C3 and K371E C3 ) were formed two very strong and highly significant sub-clusters (bootstrap values: 0.99 and 0.62, respectively), and they contained many V3 and C3 signatures (Fig. 2) .
At the same time, two very strong sub-clusters were also observed for R5 associations (bootstrap value = 1 for both) in which several C2, V3 and C3 mutated positions (M300I C2 ,  H301F C2 , H301Y C2 , I320V V3 , K328T V3 , E340R C3 , V353A C3 ,  Q366K C3 , K371A C3 , K371Q C3 and A378P C3 ) were grouped.
Discussion
A bioinformatic characterization of co-receptor usage of HIV-2 was done by studying the C2-V3-C3 regions of the viral surface protein gp125. Additional specific genetic viral determinants and their association with CCR5 or CXCR4 co-receptor usage were found among 149 HIV-2 subtype-A env sequences.
In the C2 domain, which is composed of 36 amino acid residues, 12 positions were found to be significantly associated with different co-receptor usage (P \ 0.05) (Fig. 1a) . In particular, five mutations had a prevalence ([20%) that was significantly higher in R5-than in X4-using viruses (Fig. 1a) , suggesting an association of these mutations with CCR5 usage. In contrast, the prevalence of the other seven mutations ([20%) was significantly higher in X4-than in R5-using viruses (Fig. 1a) , suggesting their association with the CXCR4-usage.
In the analysis of the V3 domain, two mutations (I320V and K328T) were found to have a prevalence of [20% and were significantly more frequent in R5-than in X4-using viruses (P \ 0.05). These results suggest their association with CCR5 usage (Fig. 1b) . Furthermore, 11 V3 mutations were identified. They had a prevalence that was significantly higher in the X4-than in the R5-using viruses (P \ 0.05, prevalence [20%), suggesting that, within the V3 region, more mutations are associated with CXCR4 than CCR5 usage (Fig. 1b) .
Interestingly, some V3 mutations have also recently been shown to be associated with co-receptor usage [62] . The authors reported that the I320KR, R329K, R331K mutations and insertions at position 325 were associated with dual/X4 tropism, while in our study, an association with the pure CXCR4 co-receptor was observed.
Moreover, Barroso and co-workers, using computer modeling simulations, have shown that amino acid positions 319, 320 and 328 HIV-2 gp125 V3 are potentially involved in co-receptor binding [41] . According to our results, a high variability in these positions in X4-tropic viruses was found (Fig. 1b) . This observation was moderately surprising, because a stronger positive selection at several HIV-2 sites compared to those of HIV-1 has already been shown [41] , although the V3 heterogeneity of HIV-1 is a specific characteristic that occurs in the viral population of infected individuals (for example, making it practical in co-receptor selection) [63] [64] [65] [66] .
Moreover, by analyzing the C3 domain, 22 out of 53 positions were significantly associated with different coreceptor usage (P \ 0.05) (Fig. 1c) . The prevalence of 11 mutations was significantly higher in R5-using than in X4-using viruses, and all of them had a prevalence of [20% (Fig. 1c) . In contrast, the other 22 mutations had a prevalence [20% which was significantly higher in X4-than in R5-viruses, suggesting their association with the CXCR4 usage (Fig. 1c) .
At the end of the C3 domain, the sequence between amino acids 377-388 could contribute to the formation of the CD4-binding site [41] . In our analysis, the A378 and V381 positions were highly variable (Fig. 1c) . The high solvent accessibility of this region (residues 377-388), the high variability of amino acid residue A378 under positive selection [41] , and the high conservation of the region (residues 377-388) in both viral tropic categories observed in our study (10/12 amino acids) consistently support the idea that this specific C3 subdomain plays a role in the interactions with the cellular receptor CD4.
Recently, computer modeling simulations have shown that, in HIV-2, the non-covalent interactions between W334 in V3 involve residue H301 in C2 [41] . In our dataset, a variability of H301, especially in R5-tropic viruses, was observed (H301F and H301Y, with 40.5% and 45.9% prevalence, respectively), while the tryptophan at the end of the V3 domain was fully conserved in all 149 sequences analyzed (100% prevalence). Probably, the basic amino acid substitution at position 301 with aromatic residues was not detrimental in these complex structural interactions. Actually, the non-covalent interactions between Y296 and H301 in C2/V3 composed a protein relation pathway with R331-W334 in V3, and with F321-F337 in V3/C3 [41] . At the same time, a mutation only in R5-tropic viruses at position 337 (F337L) in the C3 domain was observed in three samples (2.7%). This substitution of leucine for phenylalanine could primarily perturb the regions surrounding the amino acids that contact residue 337 in the wild-type glycoprotein. This is probably the best interpretation of the low variability. A comparison of diversifying selection between terminal and internal branches of the phylogenetic trees between C2-V3-C3 HIV-1 and HIV-2 sequences has revealed two distinct profiles. This suggests that natural selection affects the transmission fitness of HIV-1 less than that of HIV-2 [41] . Moreover, these observations were also found in our study, with the presence of non-conservative amino acid substitutions (i.e., T267P, P325F, W336R).
Because pairwise analysis suggested that most mutations were associated, we performed average linkage hierarchical agglomerative cluster analysis [59] [60] [61] to investigate this hypothesis in more detail. By using this analytical method, we found for the first time specific and statistically significant correlations between C2, V3 and C3 mutations. In particular, several correlated mutations were associated with the CXCR4 and CCR5 phenotype usage (Fig. 2) . This is in agreement with the interactions between C2, V3 and C3 domains in HIV-2 gp125 [41] .
The dendrogram in Fig. 2 shows two distinct and wellseparated clusters (bootstrap value = 1 for both) with several associated mutations grouped, dividing the CCR5-and CXCR4-co-receptor-tropic viruses. Fourteen X4-tropic virus mutations (T309S V3 , V311I V3 , L319R V3 , I320R V3 ,  S323G V3 , 324-325insR V3 , P325F V3 , 325-326insHS V3 , R32  9K V3 , K338E C3 , Q346R C3 , V353M C3 , T361V C3 and  K371E C3 ) formed a very strong and highly significant subcluster (bootstrap value = 0.99). Some of these mutations, like the associated positions 319, 320, 323 and 338, have been observed previously [40, 50] . Specifically, recombinant polypeptides representing the gp125 (rpC2-C3) in infected patients, Marcelino and colleagues did not detect reactive IgG antibodies [50] . Similar results were observed with X4-tropic viruses that were resistant to neutralization in a vaccinia virus vector-prime/rpC2-C3-polypeptideboost vaccination strategy [40] . In the first study, the authors examined nonspecific and Env-specific IgA and IgG responses in acute and chronic HIV-2 infection [50] , while in the other work, the same team used a mouse model to investigate the immunogenicity and neutralizing response elicited when a recombinant HIV-2 envelope proteins was administered [40] .
A first essential description was for the two V3 subsequent mutated positions, L319R and I320R, which, interestingly, form a very strong X4 sub-cluster with the K338E mutation located in the C3 domain (P = 2.9e -32 ; u = 0.98; and P = 2.3e -31 ; u = 0.97) ( Fig. 2 ; Table S1 ). In an interesting study, Shi and colleagues have observed in a four-PBMC-passage stock the conservation of L319R V3 , I320R V3 and K338E C3 mutations in viral isolates that efficiently use CXCR4 [54] . Probably, V3 and C3 interaction at these positions, which flank the amino acids F337 C3 and F321 V3 , which are already involved in the predicted non-covalent interaction [41] .
Secondly, we noted that numerous positions located in the V3 core correlated with Q346R C3 , V353M C3 and K371E C3 substitutions and with a mutation under positive selection, T361V C3 [41] (Fig. 2; Table S1 ). Besides, some V3 signatures related to the CXCR4 co-receptor, such as R329K and the insertions at position 325 (Fig. 2) , have been shown to be molecular determinants of HIV-2 X4/ dual tropic viruses [62] . The exact classification of linkage of these listed mutations was associated with reduced bootstrap values, probably due to the considerable flexibility in their order of accumulation (Fig. 2) .
Finally, there is no clear explanation for the small flanking cluster formed by R331K V3 and Q366N C3 (P = 1.5e -18 ; u = 0.71) (Table S1 ). These two positions were not neighbors in the predicted conformational C2-V3-C3 structure [41] . On the other hand, the Q366N C3 mutation was present in one of two patients in which IgG antibodies were not detected [50] and in several X4-tropic viruses that were resistant to neutralization by vaccination [40] . Effectively, this last position could play a supporting role in co-receptor interaction and was possibly also observed in an R5 cluster (Fig. 2) .
For R5 associations, two very strong subclusters were found (bootstrap value = 1 for both), grouping several C2, V3 and C3 mutated positions. Interestingly, in the larger subcluster, the specific R5 mutations K328T V3 , E340R C3 , V353A C3 and the abovementioned Q366K C3 , were detected (Fig. 2, Table S1 ). Coherently, these signatures were already observed in different primary R5 HIV-2 group A isolate [40] . Furthermore, we show the presence of position I320 V3 , which characterizes the R5 cluster with a valine mutation, a signature that is robustly associated with the A378P C3 mutation (P = 8.27e -18 ; u = 0.70, bootstrap = 0.79). Moreover, a clustering of K328T V3 with H301F C2 (P = 3.96e -7 ; u = 0.41) and with K371Q C3 (P = 3.09e -10 ; u = 0.47) (bootstrap = 0.75) was observed ( Fig. 2 ; Table 1 ). This result indicates that R5-tropic viruses may have several C2, V3 and C3 mutated positions.
The previous observation suggests that only a few amino acid differences are critically important for co-receptor usage of HIV-2, especially in the C-terminal half of the V3-loop region [67] . In contrast, our analysis confirmed the importance of the C2-V3-C3 region as a determinant of coreceptor selection. This information was deduced indirectly from HIV-2 isolates obtained from asymptomatic individuals that do not use CCR5 or CXCR4 co-receptors to infect primary peripheral blood mononuclear cells (PBMCs) [67] . Some studies have shown notable differences particularly in the V1/V2 and C5 regions of gp125 in the CCR5/ CXCR4-independent HIV-2 viruses [68, 69] .
In conclusion, our study further demonstrates the complexity of HIV-2 co-receptor selection and contributes to a better definition the C2-V3-C3 mutational patterns involved in regulating tropism. It suggests that other mutations beyond those currently known to confer CCR5 or CXCR4 usage may regulate this highly complex network. The models proposed to explain the mechanisms of action of these mutational patterns suggest and support the interaction between these gp125 domains. This highlights the importance of the correct interplay between the different regions of the protein, and on this basis, novel signatures should be taken into account for predicting genotypic tropism or the biology of interactions of HIV-2 with cells.
